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ABSTRACT
Pool boiling heat transfer is one of the most effective heat transfer methods and crucial for several energy conversion
processes such as electronic cooling, steam generation, water purification and thermal management. Enhancing boiling
heat transfer around the tubes enables higher heat flux, which can improve the efficiency and lead to compact heat
exchangers. Delaying the onset of critical heat flux (CHF) allows for higher CHFs and protects equipment during
anomalous transient conditions. Growing interest in process intensification and delayed CHF has motivated the current
study. An experimental approach has been deployed to investigate a potential technique to enhance the pool boiling
performance around small diameter tubes by open cell metal foams. The findings for nucleate pool boiling of Novec
HFE 7000 on the externally enhanced and smooth tubes are reported. The enhanced tube comprised of compressed
aluminum foam brazed around. All the samples were horizontally oriented, and the experiments were performed under
ambient pressure conditions. The heat transfer measurements for the smooth tubes were compared with several
existing correlations and established the baseline. The preliminary results showed that the aluminum foam effectively
enhanced the heat transfer coefficient and delayed the onset of critical heat flux. In addition, the pool boiling process
around the round tube sample was visualized from both side and front views to comprehend the heat transfer
mechanisms underlying substantial enhancement observed during experiments.

1. INTRODUCTION
Boiling is a critical phenomenon for several energy conversion applications and for electronics cooling processes.
During the boiling process, the extreme high heat transfer rates can be attained at relatively low temperature
differences. Enhancing boiling heat transfer has been an active area of research in recent years. Deploying passive
techniques, particularly porous structures, has been extensively investigated to enhance boiling heat transfer.
Significant advantages of such deployments include lightweight and compact heat exchangers. The enhancement is
often attributed to the large surface area per unit volume, potential wicking phenomena to avoid dry-out, and higher
nucleation sites density (Zhao, 2012).
Another type of surface enhancement that is under increasing research is a porous cellular structure, such as porous
metal foam. These porous structures not only provide a larger surface area for heat transfer to take place, but the many
Notice: This manuscript has been authored in part by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with the US Department of Energy
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interconnected cells in the mesh help provide fluid channels to prevent dry-out, which should delay the onset of CHF.
Research into using porous structures on flat surfaces in water has shown that heat transfer can be increased as much
as three times over the value for a plain flat surface, and CHF can be doubled over the plain flat surface (Xu et al.,
2008). It was also found that pore size and the thickness of the foam layer both had influence on the overall heat
transfer enhancement (Yang et al., 2010). In addition to water, Manetti, et al. (2020a) and Manetti, et al. (2020b) have
conducted pool boiling experiments in Novec 7100 on flat copper surfaces enhanced with commercially available
copper foam. In both studies, it was found that the copper foam increased the heat transfer through both increased
bubble nucleation and enhanced convection, and that increased wickability of the foams improved high heat flux
performance.
As previously seen, most of the literature focuses on flat surfaces, and research into using open-porous structures to
enhance the pool boiling heat transfer of tubes appears somewhat limited. Ji, et al. (2011) performed pool boiling
studies in R134a on horizontal tubes covered in brazed on open cell copper foam. They found that heat transfer
enhancement was greatest below approximately 30 kW/m2, performing better than some commercially available
enhanced tubes. They also found that, at low to medium heat fluxes, thinner foams with higher porosity performed
better than thicker, denser foams. At high heat fluxes, smaller pores once again showed increased resistance to bubble
departure. Therefore, there is a need to increase the body of work focused on the enhancement on boiling heat transfer
for tubes covered in an open porous structure.
The primary goal of the current study is to provide a better understanding of the role of compressed open cell metal
foams on the heat transfer performance of small diameter tubes in pool boiling. The pool boiling experiments of HFE7000 on various horizontal tubes were performed, and the boiling process were visualized from both side and front
views simultaneously to comprehend the heat transfer mechanisms.

2. EXPERIMENTS
2.1 Experimental Apparatus
A pool boiling test rig was built to evaluate the potential performance improvement of the enhanced tubes. The
apparatus consists of a clear rectangular container, an immersed test section, and a condensing unit, as illustrated in
Figure 1. The clear container is made of polycarbonate, and its internal dimensions are 8.75 inch (≈222.3 mm)  8.375
inch (≈212.7 mm)  8.75 inch (≈222.3 mm). The test section is a horizontally mounted round tube immersed in the
dielectric liquid pool, and the details of the geometry are shown in Figure 2(a). The round tube is 3 inch (≈76.2 mm)
long with an outer diameter of 0.375 inch (≈9.525 mm) and an inner diameter of 0.245 inch (≈6.22 mm). Four
thermocouple holes with the diameter of 0.04 in. (≈1.02 mm) were drilled alongside the tube wall. Four Type-T
thermocouples with diameter of 0.04 in. (≈1.02 mm) were inserted for measuring the wall temperatures. The heat flux
is supplied by a 579 W cartridge heater with outer diameter of 0.245 in. (≈6.22 mm) and a length of 2.75 inch (≈69.85
mm) installed in the tube. Power to the tube heater was controlled using pulse width modulation, allowing for different
heater outputs to be approximated over a time span of 1 second, and current transformers were used to measure the
amp draw of the heater at a specific power setting. The tube assembly is secured between two end plates to seal the
tube ends, as demonstrated in Figure 2 (b). One end plate was made of Teflon, and the other endplate was made of
clear polycarbonate. Two brass pieces were attached to the end plates to ensure the test section was heavy enough and
stay at the bottom of the test vessel. The total amount of the heated test section that was directly exposed to the fluid
is approximately 63.5 mm long. Four thermocouple probes and the cartridge heater are inserted through the PTFE
endplate. To reduce the heat loss, epoxy was attached to the end of heater and PVC tubing were slipped over the
thermocouple probes to act as insulation, as shown in Figure 2(c). The pool boiling experiments were conducted at
atmospheric pressure. It was monitored through an absolute pressure transducer with an accuracy of ±0.2% URL
ranging from 0 to 15 psi (≈103.4 kPa) placed at the top of the test vessel. Two Type-T thermocouple probes were used
to measure the bulk temperature of the tested fluid inside the vessel. A 400 W auxiliary heater was inserted into the
pool to maintain saturation conditions and was controlled with a variable autotransformer. A condenser coil was
connected to a thermal bath and installed at the upper part of the vessel, which is used to condense the vapor and recirculate the tested fluid. When the vapor of dielectric fluid reached the condenser, it was condensed and returned to
the liquid pool. All data was recorded with a Campbell Scientific, Inc. CR1000 data logger. All the thermocouples
were calibrated against a NIST-certified precision thermometer with an accuracy of ±0.05°C.
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Figure 1: A schematic diagram of experimental setup
(a)
Al foam
Thickness=0.1 in.

mm)

3/8" Al tube
OD=0.375 in.
ID=0.245 in.

mm)
mm)

Hole for TC probe
D=0.04 in.
Depth=1 in.

mm)
mm)
0.25 in.

Cartridge heater

(b)

1 in.

3 in.

(c)

Figure 2: (a) Dimensions of heat transfer test section, (b) test section assembly, and (c) insluation for
thermcouple probes and a cartridge heater

2.2 Tube Samples and Dielectric Fluids
Three different tube configurations were tested in this study including a bare copper tube, a bare aluminum tube, and
an externally enhanced aluminum tube. The outer diameters of the bare copper and aluminum tubes are 0.5 inch (≈12.7
mm) and 0.375 inch (≈9.525 mm), respectively. For the externally enhanced tube, a 2.54 mm thick layer of open cell
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aluminum foam (Duocel foam from ERG Aerospace Corporation, 40 pores per inch, 8-10% relative density, 6101
alloy, and heat treated to T6 condition) were brazed around the outer surface of an aluminum tube, as presented in
Figure 3 (a) and (b). The foam was wrapped only around the part of the tube exposed to the fluid so that the plain ends
could be used to hold the tube in place in the test section. In addition, the joint between the aluminum foam and tube
was observed through an optical microscope and demonstrated in Figure 3(c).

(a)

(b)

(c)

Figure 3: Enhanced tube with metal foam
The working fluid for the pool boiling experiments in this study was 3M Novec engineered fluid HFE-7000, which is
a clear, colorless, thermal stable dielectric fluid. In general, HFE-7000 has a lower thermal diffusivity and heat of
vaporization by approximately one order of magnitude and have lower surface tension compared with water. In
addition, the boiling point of HFE-7000 at atmospheric pressure is around 34°C and thus suitable for various heat
transfer applications in the semiconductor, electronics, and chemical manufacturing industries. The corresponding
thermophysical properties of HFE-7000 are summarized in Table 1 (3M, 2014).
Table 1: Summary of the thermophysical properties of HFE 7000 at 25 °C and 1 atm (3M, 2014)
Parameters
Tboil (°C)
Heat of vaporisation, hfg (kJ/kg)
Fluid density, ρf (kg/m3)
Vapor density, ρg (kg/m3)
Fluid specific heat, cp,l (kJ/kg K)
Fluid thermal conductivity, kf (W/m-K)
Fluid viscosity, µf (N-s/m2)
Surface tension, σ (N/m)
Prandtl number, Pr

HEF-7000
34
142
1,400
5.59
1.3
0.075
0.000448
0.0124
7.77
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2.3 Experimental Procedure
To perform an experiment, the test chamber is charged with an amount of approximately 4 Liters of the HFE-7000
dielectric fluid giving a liquid height of 1 inch (≈25.4 mm) above the test section. An auxiliary heater is used to preheat
the liquid pool to saturation conditions, and the heating power of the tube heater is set to approximately 40% power
to allow the test section to reach thermal equilibrium with the fluid. Once the saturation temperature is reached, the
same heating power is maintained for an additional one hour to eliminate the dissolved non-condensable gases in the
dielectric fluid. Then, the tube heater power is lowered to 5% to start the pool boiling heater transfer experiments.
After collecting data for approximately 10 minutes, the tube heater power is increased by 5% increments. This
continued until the tube reached the critical heat flux (CHF)—after which a thermal safety relay monitoring the outer
tube temperature cut power to the tube heater—or until the heater power reached the maximum limit. Current
transformers are used on the heater power wires to measure the input current and calculate the actual power.
Temperature and heater power data are recorded every second and averaged over a period of 1 minute. By plotting
the input power against the difference between the tube surface temperature and the fluid temperature (called the
excess temperature, ΔT), boiling curves are generated.

3. DATA REDUCTION
Heat transfer coefficient (HTC) is determined by heat flux over wall superheat, as given in Eq. (1).

HTC =

( Q − Qloss ) / ( Do Lh )
q
= elec
Tsup
(Twall − Tsat )

(1)

The saturation temperature Tsat is the average readings from the two Type T thermocouple probes placing at the top
and bottom of the refrigerant pool. The pool temperature was kept within 0.3°C during the test.

 Q   ro 
Twall = Tm,avg − 
 ln  
 2 kLh   rm 

(2)

q is the effective heat flux with respect to the outside surface area of the bare tube, and the effective heat transfer
rate is determined by the measured heating power of the cartridge heater subtracting the conduction heat loss. The
heat loss in the axial direction is estimated by the following equation.

Qloss = kAcs

Twall , R − Twall , L

(3)

x

The average percent values of the axial heat loss during the test are in the range of 0.23% to 2.2% of the total heat
transfer rate for the bare aluminum tube.
The experimental uncertainties of heat fluxes, superheat, and average heat transfer coefficient were evaluated
following the error propagation method by Moffat (1988). The overall uncertainty is determined by combining the
uncertainties of the individual measurements using a root-sum-square method, as expressed in Eq. (4). All the
uncertainties are reported at the 95% confidence level.

 U

U ( X1, X 2 , , X N ) =  
 Xi 
i =1  X i

N

2

(4)

4. RESULTS AND DISCUSSION
4.1 Reliability Validation of Apparatus for Pool Boiling Experiments
In order to validate the current facility, the pool boiling experiments for plain tubes were conducted and compared
with the correlations established by Cooper (1984), Cornwell and Houston (1994), and Gorenflo et al. (2010). The
details of the correlations are listed in Table 3. Figure 4 (a) and (b) show the data taken for the plain copper and
aluminum tubes, respectively. Reasonable agreement is obtained between the correlations and the measured data of
the current work. In addition, the experiments were repeated several times at different days, and the corresponding
results demonstrate the repeatability and the reliability of the experimental apparatus and procedure.
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Table 3: List of nucleate pool boiling correlations used for comparison against experimental data
Authors
Cooper (1984)

Formulation

HTC = C ( q )

0.67

M −0.5 ( Pr )

m

( − log ( P ) )
10

−0.55

r

Where,

m = 0.12 − 0.2log10 ( Rp )
Cornwell and Houston (1994)

Nu = 9.7 Pc0.5 F ( Pr ) Reb0.67 Pr 0.4
where,

F ( Pr ) = 1.8Pr0.17 + 4 Pr1.2 + 10 Pr10

Gorenflo et al. (2010)


HTC = href Fp ( q / qref

) (R
n

a

/ Ra ,ref

)

0.133

where,

Fp = 1.2 Pr0.27 + 2.5Pr + ( Pr 1 − Pr )

n = 0.9 − 0.3Pr0.3
(a)

(b)

Figure 4: Comparison of measured heat transfer coefficient and the correlations for pool boiling on: (a) copper
and (b) aluminum tubes

4.2 Pool Boiling on a Plain Aluminum Tube
At the beginning of the experiment, the heater inside the tube was set to 40% power to warm up the liquid pool. Once
the fluid reached saturation temperature, the power was reduced to 5%. After collecting data for approximately ten
minutes, the tube heater power was increased by 5% increments in heater power; this continued until the tube reached
the critical heat flux. Figure 5 demonstrates the captured regimes of pool boiling around bare tube. At the heat flux of
6.84 kW/m2 (5% heating power), some nucleation sites are activated, and vapor bubbles are generated at the certain
location. When the heat flux is increased to 35.3 kW/m2 (15% heating power), additional nucleation sites become
active, and more bubbles are generated. As the heat flux is 117.3 kW/m2 (45% heating power), it is seen that a lot of
bubbles from separate sites merge to form vapor column or slug of vapor. Once the heat flux reaches the critical heat
flux, which is 131.5 kW/m2 for this experiment, a continuous vapor is formed around the tube surface. The chance of
contact between the saturated liquid and tube surface is reduced, and thus the heat transfer significantly decreases.
The temperature difference between tube wall and liquid pool bumps up to over 100°C in few seconds and activates
the safety protection device to shut off the heating power automatically.
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(a) q=6.84 kW/m2

(b) q=35.3 kW/m2

(c) q=117.3 kW/m2

(d) q=131.5 kW/m2 (CHF)

Figure 5: Visualization of different regimes of pool boiling around the bare Al tube
The pool boiling curve of HFE-7000 for the plain aluminum tube is presented in Figure 6 (a), which is in terms of a
plot of heat flux q versus excess temperature or wall superheat Twall-Tsat. The capture images of various regimes are
embedded with the chart to help interpreting the data. Figure 6 (b) demonstrates the variation of the wall temperature
along the circumference of the plain aluminum tube. At the beginning of the test (low heat flux), the active nucleation
sites are few and widely separated around the periphery of the tube. For this isolated bubble regime, the wall
temperature distribution is relatively uniform, the temperature variation is lower than 1 °C. As the wall superheat
increases, bubble generation frequency and the density of active nucleation sites both increase. Once the active
nucleation sites get close enough, the generated bubbles from adjacent sites merge and form vapor columns. In this
regime, the local wall temperatures have been found to vary with angular position. It might be because the bubbles
generated at the bottom of the tube are less easily to escape from the nucleation sites. With the increasing of the active
nucleation sites, a bubble layer is formed around the lower part of the tube, and the temperatures at two sides become
closer to that at the bottom. When the critical heat flux is reached, a continuous vapor film covers the round tube and
significantly reduces the heat transfer efficiency. All the four wall temperatures jump to a very high level immediately.
It presents as a horizontal line in the pool boiling curve at the critical heat flux.
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(a)

(b)

Figure 6: (a) Pool boiling curve of HFE-7000 for the plain aluminum tube and (b) local wall temperature
measurement

4.3 Pool Boiling on an Enhanced Aluminum Tube with Brazed Metal Foam
Similar to the procedure of the baseline experiments (bare Al tube), the liquid pool was pre-heated by using 40%
power of the cartridge heater inside the tested tube until the pool temperature reached the saturation temperature. The
boiling experiment was then carried out by controlling the heater power, which started from 5% of maximum power
and was increased by 5% increments. Figure 7 demonstrates the captured regimes of pool boiling around the metal
foam enhanced tube. When heat flux is 21.7 kW/m 2 (10% heating power), some nucleation sites are activated, and
isolated vapor bubbles are generated at the certain location. As the heat flux is increased to 116.4 kW/m 2 (45% heating
power), additional nucleation sites become active, and more bubbles are generated and merged to larger bubbles within
the layer of metal foam. It is observed that some larger bubbles are trapped by the foam structure. For a heat flux of
190.3 kW/m2 (75% heating power), more bubbles from separate sites merge to form vapor column or slug of vapor.
The vapor column oscillates and causes unsteady flow at the interface of the air and liquid pool. The maximum heat
flux (100% heating power) for this experiment is around 228.2 kW/m 2. The unsteady vapor columns are the main flow
pattern but has not formed a continuous vapor film around the enhanced tube. Therefore, the critical heat flux has not
been reached at this heating power.
The heat transfer coefficient of the externally enhanced tube at various heat fluxes is compared with that of the bare
aluminum tube, as shown in Figure 8(a). The effective heat transfer coefficient of the enhanced tube, determined based
on the outer diameter of the round tube, is 2.1~4.8 times higher than the bare aluminum tube, and the metal foam has
a better heat transfer enhancement at lower heat fluxes. In addition, two distinct regions were found for the metal foam
enhanced tube. When the heat flux is lower than 155 kW/m2, the heat transfer coefficient generally increases with the
increasing of heat flux. As the heat flux is higher than 155 kW/m2, it is likely that a continuous vapor layer already
covers the entire outer surface of the round tube, and the metal foam structure is the only portion that can transfer heat
effectively. Therefore, the heat transfer coefficient decreases dramatically. Figure 8 (b) presents the local wall
temperature measured at four locations. The variance at each location depends on heat flux conditions. It is only
0.04°C at 6.7 kW/m2 (5% heater power) but 5.4°C at 228.2 kW/m 2 (100% heater power).
(a) q=21.7 kW/m2

(b) q=116.4 kW/m2
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(c) q=190.3 kW/m2

(d) q=228.2 kW/m2

Figure 7: Visualization of pool boiling process around the metal foam enhanced tube at various heat fluxes
(a)

(b)

Figure 8: (a) Heat transfer coefficient and (b) local wall temperature measurement of the externally enhanced tube
at various heat fluxes.
Figure 9 shows the comparison of the pool boiling curves for bare copper, bare aluminum, and metal foam enhanced
aluminum tubes. For the bare copper and bare aluminum tubes, the critical heat fluxes occur at 135 kW/m 2 and 131
kW/m2, respectively. However, the metal foam enhanced tube does not hit the critical heat flux during the whole test
conditions, where the max heating power of the current test facility is 228 kW/m2. This indicates the metal foam
around the tube sample delays the critical heat flux and maintains a certain level of heat transfer capacity at higher
heat fluxes.

Figure 9: Comparison of experimental HFE7000 pool boiling curve of various tube samples
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5. CONCLUSIONS
The present study involved an examination of open cell metal foams for enhancing the pool boiling performance
around small diameter tubes. The pool boiling experiments of HFE-7000 on various horizontal tubes were conducted.
The heat transfer coefficients and boiling curves of bare copper, bare aluminum, and externally enhanced aluminum
tubes were compared. In addition, the boiling processes were visualized from both side and front views to comprehend
the heat transfer mechanisms. Key findings from the current study are as follows.
• The test facility is reliable, and the measured heat transfer coefficients of the plain tubes show good agreement
to the correlations in literature.
• Regarding the critical heat flux, there is no significant difference between the copper and aluminum plain
tubes.
• The effective heat transfer coefficient of the externally enhanced tube is 2.1~4.8 times higher than the bare
aluminum tube, and the metal foam has a better heat transfer enhancement at lower heat fluxes.
• The critical heat flux of the enhanced tube is at least double compared to the bare aluminum tube. The metal
foam structure not only provides more surface area and allows the nucleate boiling to continue on the foam
in contact with the liquid.

REFERENCES
Cooper, M. G. (1984). Saturation nucleate pool boiling-a simple correlation. In IChemE Symp. Ser. (Vol. 86, p. 786).
Cornwell, K., & Houston, S. D. (1994). Nucleate pool boiling on horizontal tubes: a convection-based correlation.
International journal of heat and mass transfer, 37, 303-309.
D. Gorenflo, D.B.R. Kenning (2010). Pool Boiling, Chapter H2, in: VDI-Heat Atlas(-English Version), 2nd ed.
Springer, Berlin.
Ji, W. T., Qu, Z. G., Li, Z. Y., Guo, J. F., Zhang, D. C., & Tao, W. Q. (2011). Pool boiling heat transfer of R134a on
single horizontal tube surfaces sintered with open-celled copper foam. International journal of thermal sciences,
50(11), 2248-2255.
Manetti, L. L., Ribatski, G., de Souza, R. R., & Cardoso, E. M. (2020). Pool boiling heat transfer of HFE-7100 on
metal foams. Experimental Thermal and Fluid Science, 113, 110025.
Manetti, L. L., Moita, A. S. O. H., de Souza, R. R., & Cardoso, E. M. (2020). Effect of copper foam thickness on pool
boiling heat transfer of HFE-7100. International Journal of Heat and Mass Transfer, 152, 119547.
Moffat, R. J. (1988). Describing the uncertainties in experimental results. Experimental thermal and fluid science,
1(1), 3-17.
Xu, J., Ji, X., Zhang, W., & Liu, G. (2008). Pool boiling heat transfer of ultra-light copper foam with open cells.
International Journal of Multiphase Flow, 34(11), 1008-1022.
Yang, Y., Ji, X., & Xu, J. (2010). Pool boiling heat transfer on copper foam covers with water as working fluid.
International Journal of Thermal Sciences, 49(7), 1227-1237.
Zhao, C. Y. (2012). Review on thermal transport in high porosity cellular metal foams with open cells. International
Journal of Heat and Mass Transfer, 55(13-14), 3618-3632.
3M. (2014). 3M Novec 7000 engineered fluid, 3M Specialty Materials.

ACKNOWLEDGEMENT
The authors are grateful to the colleagues at Oak Ridge National Laboratory who provided useful comments and
suggestions to improve the quality of the paper. The authors also acknowledge the support provided by US Department
of Energy Building Technologies Office and the technology manager, Mr. Antonio Bouza.

19th International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022

